Introduction
The susceptibility of bacteria to antibiotics is usually tested with a batch-culture technique using a disc diffusion method or a broth or agar dilution method. Generation times in these three tests situations are very short, e.g. 0.35 h for Escherichia coli. Little is known about the kinetics of bacterial killing and the possible development of survivors under these conditions. In our model of continuous-flow culture it is possible to test a bacterial microflora under conditions more similar to the in-vivo situation. The system is adapted to a generation time of 15-20 h for E. coli, simulating conditions in the intestinal and urinary tract.
Materials and methods
Our technique was developed for anaerobic and aerobic continuous cultures. It has previously been described in detail for monocultures and mixed cultures such as faecal flora system; 1,2 brief details are given below. We used a double-walled glass vessel with a volume of 110 mL. The flow rate was adjusted to 6 mL/h, and therefore a dilution rate of 0.05/h was calculated. Exact data for each experiment are stated in the individual figures. We used a medium based on the composition of ileostomy effluent and adapted from Veilleux & Rowland 3 and Edwards et al. 4 It contains peptone (0.5%), yeast extract (0.5%), glucose (0.25%), trehalose (0.25%) and soluble starch (0.25%). The basis of the medium was phosphate-buffered saline, pH 7.0. Cysteine hydrochloride (0.05%, 10 mL/L), a haemin solution (0.05%, 10 mL) and vitamin K 1 (96.7%, 100 L) were added after autoclaving.
To test the susceptibility of bacteria to antimicrobial drugs, aerobic and anaerobic monocultures and mixed cultures were done in parallel. The kinetics were followed for up to 7 days.
After inoculation the steady-state counts of E. coli reached 10 8 -10 9 cfu/mL, much higher than the current DIN standard (58940) which suggests counts of 10 5 -10 6 . Therefore this system is more supportive for the organism and less favourable for chemotherapeutics. We used ciprofloxacin, mezlocillin and metronidazole from Bayer (Leverk u s e n , Germany), cefotaxime from Hoechst (Frankfurt, Germany), clindamycin from Upjohn (Heppenheim, © 1998 The British Society for Antimicrobial Chemotherapy JAC Germany) and gentamicin from Merck (Darmstadt, Germany). For mixed faecal cultures, 1 mL of a 10 -1 dilution of fresh faeces was inoculated. After 24 h a typical mixed culture had developed. At this stage the antibiotics were added to the culture vessel and the reservoir bottle to ensure a constant drug concentration in each vessel over the entire period. After 2 and 10 h and then every 24 h, samples were taken and cultured to estimate the number of viable bacteria.
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Influence of ciprofloxacin and other antimicrobial drugs on different
The bacterial counts in the specimen were determined using a dilution method with various culture media: Wilkins-Chalgren agar with and without supplements (Oxoid, Wesel, Germany) for anaerobic bacteria, and blood agar, endo-agar or agar for enterococci for aerobic bacteria. All anaerobic plates were incubated in a glovebox. Colonies were counted under a stereomicroscope and subsequent cultures identified to species level using the Vitek system (BioMerieux, Nürtingen, Germany) and supplemental tests.
Results
Influence of ciprofloxacin on E. coli
We describe the results of 12 continuous-flow cultures over periods of 5 days. After 2-4 h under anaerobic conditions and during the continuous input of 1 mg/L ciprofloxacin, our test strain-E. coli O3:H38-showed a reduction in counts of 99% (Figure 1) . After 48 h this reached 99.99%. An increased dose of 2 mg/L did not result in a noticeable difference. No later increase in cfu from survivors was found (Table I) . Similar results were obtained with faecal E. coli wild types. The bactericidal effect on E. coli strain 4400401 isolated from normal faeces was much more marked. An inhibition of 99.99% was observed as early as 24 h (Figure 2) .
Comparison with the efficacy of ciprofloxacin, mezlocillin, cefotaxime and gentamicin
The influence of cefotaxime (4 mg/L), mezlocillin (32 mg/L) and gentamicin (4 mg/L) was compared with the results for ciprofloxacin using the same conditions. Most of the cultures were run for 5 days under anaerobic and aerobic conditions (Figure 2, panels a and b, respectively) .
The most marked decrease in E. coli strain 4400401 counts was obtained with ciprofloxacin, i.e. 99.9% after 10 h. After 24 h, 99.99% of bacteria were killed under both anaerobic and aerobic conditions. Mezlocillin and gentamicin resulted in reductions of 99% and 90%, respectively, after 24 h (Figure 2) . No subsequent increase in counts from survivors was seen after 72 h of continuous input of ciprofloxacin or mezlocillin. However, with cefotaxime a small increase was observed in the aerobic culture (Figure 2b ). With gentamicin under aerobic and anaerobic conditions, bacterial counts at 72 h were similar to those at the start of the experiment. Ciprofloxacin, in combination with metronidazole or clindamycin, had a significant bactericidal activity against faecal E. coli strains (Table II) . Even after 12 days of faecal continuous-flow culture, there was no increase in bacterial counts reflecting regrowth of survivors. Coliform bacteria decreased when ciprofloxacin 1 mg/L was added. The kinetics seen with ciprofloxacin 2 mg/L were the same. Anaerobic bacteria markedly decreased when clindamycin 100 mg/L was added, but not with metronidazole. In the latter only a slight decrease in enterococci was seen after 48 h (Figure 3) . A bactericidal effect against E. coli was also obvious after 24 h with cefotaxime in a faecal flora. The decrease in E. coli under anaerobic conditions was 99.99%. After 72 h we saw a development of survivors as described for the monocultures, but only under aerobic conditions (Table II) .
Impact of antimicrobial drugs on E. coli in a system for continuous-flow culture of faecal flora
The combination of mezlocillin 64 mg/L with either metronidazole 16 mg/L or clindamycin 100 mg/L was also more effective under aerobic conditions when growth of (Table II) . However, this observation is of minor relevance as the flora did not resemble a real faecal flora under these conditions. The survivors of the mezlocillin regimen included different E. coli types and a strain of Klebsiella pneumoniae. There was no indication that resistance to antibiotics had developed.
Discussion
It is difficult to evaluate antibiotics in continuous-flow culture systems because the high bacterial counts and long generation times that characterize these systems increase the chances of survival for bacteria. If a chemotherapeutic agent shows bactericidal activity in these conditions, it seems reasonable to assume that it must be highly effective. In addition, continuous-flow culture allows one to observe the kinetics of the killing process, unlike standard techniques used for MIC determinations. 5, 6 However, MICs cannot be determined using the continuous-flow culture technique as it uses a fixed concentration of chemotherapeutic agents. The timepoint of a bactericidal effect as defined by a 99.9% inhibition is clearly ascertainable with the continuous-flow culture technique.
Of particular interest in this regard is the problem of regrowth of survivors. In the presence of ciprofloxacin in both monocultures and mixed cultures, there was no regrowth of E. coli from survivors. This is possibly explained by the fact that ciprofloxacin also killed nonexponentially growing bacteria. 7 The E. coli strains tested only showed gradual differences in their killing kinetics.
The regrowth under cefotaxime was striking, since there was an initial 99.99% inhibition; the regrowth must have resulted from the 0.01% of the bacteria that survived, and it only occurred under aerobic conditions. This phenomenon also occurred with E. coli strains in a faecal flora mixed culture. This effect is in contrast to the current understanding of the killing kinetics of -lactam antibiotics, which correlate with the multiplication kinetics of bacteria. Regrowth in the presence of mezlocillin was observed only under anaerobic conditions. The isolated strains were E. coli and K. pneumoniae. Standard susceptibility testing did not reveal the development of resistant strains. There is no obvious explanation for this regrowth under anaerobic conditions.
In general, the tested antibiotics were not less effective under anaerobic conditions than they were in aerobic conditions. This contradicts hypotheses regarding, in particular, the action of ciprofloxacin. 8, 9 In earlier experiments we demonstrated that ciprofloxacin had similar effectiveness under aerobic and anaerobic conditions. 10 The effect of ciprofloxacin in mixed cultures also proves its full efficacy under anaerobic conditions. 
